INTRODUCTION
Polyploidy, the presence of more than two genomes per nucleus, has played a significant role in the diversification of flowering plants (Stebbins, 1971; Grant, 1981; Leitch & Bennet, 1997; Levin, 2002; Leitch & Leitch, 2008; Soltis et al., 2009) . Analyses of cytological and fossil data suggest that 30-70% of all flowering plants are associated with one or more whole genome duplications. Stebbins (1971) estimated that between 30 and 35% of all flowering plants are polyploids because they have more than two sets of chromosomes. Grant (1963) hypothesized that flowering plants with numbers of n = 14 or higher are of polyploid origin and he postulated that 47% of all flowering plants are polyploid. Goldblatt (1980) postulated that numbers above n = 9 and 10 probably result from a polyploid event in their evolutionary history, and he calculated that at least 70% of monocots are polyploids. Lewis (1980) took an approach similar to that of Goldblatt (1980) with dicots and estimated that at least 70% are polyploids. These estimates are based on suggested low ancestral (x = 6-9) chromosome numbers (Ehrendorfer et al., 1968; Stebbins, 1971) .
Because stomatal size is often considerably larger in polyploids than in diploids, Masterson (1994) used comparisons of stomatal size in fossil and extant taxa and estimated that 70% of all angiosperms had experienced polyploidy. Otto & Whitton (2000) used a different approach to estimate the frequency of polyploidy based on the distribution of haploid chromosome numbers in various lineages, and they estimated that c. 2-4% of all speciation events in flowering plants involve polyploidy.
The attributes of polyploids, such as high genetic diversity and heterozygosity, may have both biochemical and ecological benefits that contribute to their success in nature (Soltis & Soltis, 2000; Soltis et al., 2010; but see Martin & Husband, 2009 ). Polyploids are considered to have enhanced ability to colonize new and/or disturbed habitats as compared with diploids (Stebbins, 1971; Ehrendorfer, 1980; Levin, 1983; Morton, 1993; Lumaret et al., 1997; Soltis & Soltis, 1999) . The intrinsic genetic advantages that polyploidy can confer on organisms will be most effective when new habitats are being created and become available for colonization (Morton, 1993) . These new habitats may be produced after major geological or climatic events or local catastrophes, including volcanic eruptions and lava flows (Morton, 1993) .
About 2000 years ago, a volcanic eruption by the Xitle volcano in the southern part of the Basin of the Valley of Mexico produced major changes in the local environment (Carrillo, 1995) . The flow of lava modified the topographical features and shaped both spatial and environmental heterogeneity, allowing for the development of different vegetation types (e.g. pine, fir and oak forests, and xerophytic scrub). The xerophytic scrub community is particularly remarkable, due to both its elevation range (2200-2500 m a.s.l.) and the volcanic soil (Rzedowski, 1954; Carrillo, 1995; Castillo-Argüero et al., 2004) . Currently, the xerophytic scrub of the Xitle lava flow has been severely reduced as a result of the urban sprawl of Mexico City. However, it contains high biological diversity that is mainly protected in the Ecological Reserve of the Pedregal de San Angel (REPSA, Fig. 1 ; Rzedowski 1954; Carrillo 1995; Castillo-Argüero et al. 2004 , 2009 . The flora of the REPSA comprises approximately 377 taxa of vascular plants, 105 (28%) of which are members of Asteraceae (Castillo-Argüero et al., 2009) . This high plant richness has been attributed mainly to environmental factors, although it also depends on the specific biological traits of the taxa, such as dispersal and competitive abilities, which may be enhanced by polyploidy (Lumaret et al., 1997; Soltis & Soltis, 1999; Castillo-Argüero et al., 2004 , 2009 .
Asteraceae (Compositae) are one of the largest and one of the most diverse families of the angiosperms, with > 23 000 species constituting approximately 10% of flowering plants (Bremer, 1994; Funk et al., 2005) .This family shows a diversity of chromosome numbers ranging from 2n = 4 in Brachyscome dichromosomatica C.R.Carter and Xanthisma gracile (Nutt.) D.R.Morgan & R.L.Hartm. [= Haplopappus gracilis (Nutt.) A. Gray] to 2n = c. 432 in Olearia albida Hook.f. (Pinkava & Keil, 1977; Carter, 1978; Beuzenberg & Hair, 1984) , and extensive chromosome number has even been reported within taxa (Li et al., 2011) . Ancient and recent polyploidy (palaeopolyploidy and neopolyploidy, respectively) have long been hypothesized as the basis for chromosome number evolution in the family and several tribes (Solbrig, 1977; Robinson et al., 1981 Robinson et al., , 1997 Ito et al., 2000; Stuessy, Weiss-Schneeweiss & Keil, 2004; Barker et al., 2008; Semple & Watanabe, 2009; Smissen, Galbany-Casals & Breitwieser, 2011) .
In this review of chromosome numbers for Asteraceae occurring in REPSA, we consider several questions about polyploidy and occurrence of Asteraceae on the reserve. We addressed whether polyploids are more frequent than diploids on the reserve, whether palaeo-or neopolyploids are more frequent, and we wanted to assess the role of polyploids in shaping the Asteraceae community on the reserve. Lastly, we compared the frequency of polyploidy in Asteraceae in the reserve, a 'virtual' island of the open lava flow, with the frequency in three volcanic islands at different distances from source areas; we also included two continental areas to have comparisons with nonisland habitats that surround REPSA.
MATERIAL AND METHODS
We collected specimens of Asteraceae from 2005 to 2008. The complete collection was identified and deposited at the National Herbarium (MEXU) of the Instituto de Biología, Universidad Nacional Autónoma de México (UNAM).
Chromosome numbers for each taxon were obtained from three different sources, including the literature (Soto-Trejo, Palomino & Villaseñor, 2011), indices of chromosome numbers (Goldblatt, 1981 (Goldblatt, , 1984 (Goldblatt, , 1985 , and online indices (Watanabe, 2008 , see http:// www.asteraceae.cla.kobe.u.ac.jp/index.html).
Polyploidy was inferred from chromosome numbers using four different criteria. The first criterion included taxa with three or more chromosome sets (2n ≥ 3x), where x represents the base chromosome number in a given genus (Stebbins, 1971) . This type of polyploidy results from polyploidization at the infrageneric level (Stebbins, 1971) . The second criterion for polyploids was a haploid number of n ≥ 14 (Grant, 1963 (Grant, , 1981 . The third approach considered taxa with haploid number n ≥ 11 as polyploids (Goldblatt, 1980) . Finally, we used a combination of the results of Barker et al. (2008) and Semple & Watanabe (2009) for creating a fourth criterion, the BSW criterion, which is based on the phylogenetic hypothesis for Asteraceae. Barker et al. (2008) analysed the age distribution of duplicate genes from available expressed sequence tag (EST) data to test the presence of palaeopolyploidy in the evolutionary history of Asteraceae and concluded that there had been three episodes of palaeopolyploidy in the evolution of the family. The first whole genome duplication occurred near the origin of the family and prior to the evolution of the tribes. Second and third polyploid events were near the bases of what Barker et al. (2008) referred to as tribes Mutisieae and Heliantheae. Semple & Watanabe (2009) superimposed the hypothesized base numbers onto the phylogenetic tree of Asteraceae presented by Funk et al. (2005) and they suggested that two polyploid events account for observed chromosome numbers. The results of Barker et al. (2008) support the hypothesis of Semple & Watanabe (2009) , with the whole genome duplication near the origin of the family, making the entire Asteraceae palaeopolyploid. However, this ancient event is of little interest in the present discussion of polyploidy because of its antiquity. Thus, Mutisieae, Helenieae sensu stricto (s.s.), Coreopsideae, Neurolaeneae, Tageteae, Chaenactineae, Bahieae, Polymnieae, Heliantheae s.s., Millerieae, Madieae, Perityleae, and Eupatorieae recognized by Funk et al. (2005) were hypothesized to be of palaeopolyploid origin (Barker et al., 2008; Semple & Watanabe, 2009 ).
Under our BSW criterion, we considered palaeopolyploids as those species with a low or high original base number probably derived from pre-existing genera through a past cycle of polyploidy. (Fig. 3) .
The number and percentage of polyploid species were calculated under each criterion for 75 out of 81 species of Asteraceae in REPSA. The frequency of polyploidy in annual and perennial species was calculated and the data were treated with the χ 2 statistical test. Furthermore, the frequency of polyploidy in Asteraceae in REPSA was compared with the estimates available for the Canary (Crawford et al., 2009 ), Hawai'ian (Carr, 1998 and Juan Fernandez islands (Sanders, Stuessy & Rodríguez, 1983; Kiehn, Jodl & Jakubowsky, 2005) , which differ in distances to source areas (95, 3900 and 670 km, respectively; see Table 2 ). In addition, we compared our study area with two continental areas in Mexico, and also (x = 5, 7, 8, 9, 10, 11, 12, 13, 16, 17, 18, 19, 27, and 30) . Based on the possession of three or more base chromosome sets, 26 of these species (34.6%) are polyploids. When taxa with haploid chromosome numbers of n ≥ 14 or n ≥ 11 were considered to be polyploids, the number of polyploids rose to 43 taxa (57%) and 56 taxa (75%), respectively ( The frequency of polyploids in annual and perennial species is given in Table 1 . The analysis shows that the difference is not statistically significant for species with three or more genomes (χ 2 = 0.758, P = 0.38). However, the higher frequency of polyploidy in the perennial species is statistically significant for species with n ≥ 14 (χ 2 = 12.350, P = 0.0004), n ≥ 11 (χ 2 = 3.262, P = 0.07) and when we used the BSW (χ 2 = 2. 979, P = 0.08). The proportions of polyploids among the selected geographical regions were subjected to the χ 2 test for comparison. The differences among the regions are statistically significant for all of the criteria (Table 2 ; Fig. 2) . Thus, the distribution of polyploidy appears to be different in each of the regions, even among the continental regions.
DISCUSSION FREQUENCY OF POLYPLOIDY IN ASTERACEAE
IN REPSA Most estimates of polyploidy have been made using chromosome numbers and different criteria for differentiating between diploids and polyploids. Likewise, estimates of polyploidy in Asteraceae in REPSA vary according to the criterion used to infer polyploidy. The lowest percentage of polyploidy (35%) was obtained with Stebbins' criterion, which is commonly used even though it provides estimates of only recent polyploidy, thus excluding polyploid taxa with high base chromosome numbers that arose from ancient polyploidy events (Goldblatt, 1980) . Higher percentages of polyploidy were obtained when using the criteria of Grant (1963 Grant ( , 1981 and Goldblatt (1980) (57 and 75%, respectively). Table 1 . Frequency of polyploidy of Asteraceae in the REPSA using four criteria: (a) species with three or more base chromosome number sets (Stebbins, 1971) ; (b) haploid number n = 14 or more (Grant, 1963) ; (c) n = 11 or more (Goldblatt, 1980) When we used the criteria of BSW, we obtained the highest percentage of polyploidy (84%) for Asteraceae in REPSA. These include both palaeo-and neopolyploids, as defined earlier. Mutisieae and Heliantheae (sensu Barker et al., 2008) are palaeopolyploids, but they may also include neopolyploids with whole genome duplications since the ancient polyploid events. Polyploidy in Asteraceae in REPSA is expressed by different kinds of polyploids as follows:
(1) taxa with multiples of an original low base number, such as Conyza Less. and Erigeron L. that include species having somatic numbers of 2n = 18, 36, base number x = 9, or Pseudognaphalium and Gamochaeta Wedd. that include species with somatic numbers of 2n = 14, 28, base number x = 7; and (2) taxa with multiples of a secondary basic number that was itself derived from the original number by an earlier polyploid event, such as Dahlia, 2n = 32, 64, x = 16 (secondary x = 8 + x = 8). Interpretation of the origin of chromosome numbers in Asteraceae may be challenging because they can originate from both ancient and more recent polyploid events (palaeo-and neopolyploidy, respectively), with downward dysploidy following polyploidy to produce lower base numbers (Semple & Watanabe, 2009 ).
The criteria of Grant (1963 Grant ( , 1981 and Goldblatt (1980) provide a measurement for comprehensive polyploidy, but it is difficult to know from chromosome number alone whether polyploids are of ancient or recent origin. However, using the data of BSW allows a distinction to be made between palaeo-and neopolyploids. When this is done, of the 84% of polyploid Asteraceae in REPSA, 45% are palaeopolyploids and 39% are neopolyploids.
The BSW criterion indicates that palaeopolyploidy occurred in the common ancestor of Eupatorieae, Helenieae, Heliantheae, and Tageteae. Thus, we recognize as palaeopolyploids several genera in REPSA which have high or low base numbers, such as Ageratina (x = 17), Ambrosia L. , and Viguiera (x = 17). Molecular and chromosome studies based on evidence from genomic in situ hybridization (GISH) have shown that Dahlia spp. with n = 16 are allotetraploids combining two similar genomes, originating from hybrids of presently extinct diploids with n = 8 (Gatt et al., 1998; Gatt, Hammett & Murray, 1999) . They also suggested that strict bivalent formation in the species with 2n = 32 is due to diploidization, which result from intra-and intergenomic reorganization (Martínez & Palomino, 1997; Soltis & Soltis, 1999; Wendel, 2000; Soltis, Soltis & Tate, 2003; Hegarty & Hiscock, 2005) . We also identified some genera such as Acourtia (x = 27), Barkleyanthus H.Rob. & Brettell (x = 30), Pittocaulon (x = 30), and Roldana (x = 30), which have high base numbers, as neopolyploids. It is evident that polyploidy (palaeo-and neopolyploidy) has played a significant role in the evolution and diversification of Asteraceae (Barker et al., 2008; Semple & Watanabe, 2009 ). Thus, we emphasize polyploidy based on BSW, because we consider this measure to be a more accurate estimate of polyploidy than the criteria of Stebbins (1971), Goldblatt (1980) , and Grant (1963) , all of which are based solely on the number of chromosomes.
COMPARISONS OF FREQUENCY OF POLYPLOIDY WITH OTHER REGIONS
We compared our findings for Asteraceae in REPSA with the frequency of polyploidy in three oceanic archipelagos and two continental areas (Table 2) . Although other factors may influence this comparison, such as island isolation and area, and distance from the source, the xerophytic habitat of REPSA may be considered as an island, given the ecological setting, which is probably the selecting force for the flora in the area. The differences in proportion of polyploids between all six areas were statistically significant based on all four criteria (Table 2) , and thus the distribution of polyploidy appears to be heterogeneous.
As shown in Table 2 , the frequency of polyploidy in continental regions (Lomas del Seminario and NSJP) is similar to what we found for REPSA when using all criteria for estimating polyploidy. Although our study includes only Asteraceae, the similar incidence in these three regions may indicate a relatively high frequency of polyploidy in the angiosperm flora of Mexico.
The incidence of polyploidy in REPSA (84%) is similar to the Hawai'ian (84%) and the Juan Fernandez (81%) islands, based on BSW. The similar frequency of polyploidy in all these regions may reflect a broader characteristic of polyploid distribution in islands and island-like habitats, such as REPSA. Plant speciation is often associated with polyploidy (Wood et al., 2009) , but documentation of the in situ origin of polyploids on islands is limited. However, polyploid continental ancestors may enhance the ability for colonizing new habitats after long-distance dispersal because they carry higher genetic diversity in a single diaspore (Sanders et al., 1983; Carr, 1998; Stuessy & Crawford, 1998; Soltis & Soltis, 2000; Crawford et al., 2009 ). Carr (1998 argued that polyploidy in the Hawai'ian flora reflects mainly palaeopolyploidy inherent in their continental ancestors.
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The high incidence of palaeopolyploidy in Asteraceae in REPSA (45%) reflects the fact that about 70% of the studied species belong to palaeopolyploid tribes, such as Eupatorieae, Helenieae, Heliantheae, and Tageteae, which are highly diverse in the vegetation belts around the reserve and we observed a higher proportion of palaeopolyploidy (54%) in Lomas del Seminario, a habitat next to REPSA. Many studies suggest that neopolyploids may offer advantages to the colonizers compared with palaeopolyploids, which may become diploidized with age. By contrast, neopolyploids will have higher genetic diversity and be capable of rapid genetic and genomic changes (Soltis et al., 2003; Pires et al., 2004; Adams & Wendel, 2005) . Thus, neopolyploids may have greater potential than palaeopolyploids to colonize and establish in the new habitats in REPSA. Thirty-nine per cent of Asteraceae in REPSA are neopolyploids, a percentage comparable to that which we estimated for the Hawai'ian Islands (30%), and almost identical to the other volcanic-induced habitat in Michoacán (this study, Table 2 ). In contrast, all polyploid taxa in the Juan Fernandez Islands (81%) are neopolyploids and belong to tribes such as Astereae, Cardueae, Cichorieae, Gnaphalieae, and Senecioneae. Enzyme electrophoresis studies for these successful lineages of the Juan Fernandez and Hawai'ian island floras suggest that the ancestral colonists were neopolyploids (Crawford et al., 2009) .
In the Canary Islands, only 30% of Asteraceae are neopolyploids, which is much lower than in the other studied areas. Crawford et al. (2009) hypothesized that the proximity of the Canaries to continental source areas could facilitate multiple colonizations, which have increased the genetic diversity in diploid populations. Furthermore, there is a low incidence of polyploidy in the floras of the continental source areas for the Canaries. For example, in tribes such as Cichorieae and Inuleae polyploids are relatively infrequent, and for some genera such as Atractylis L., Carlina L., Andryala L., and Reichardia Roth only diploid species are known.
THE ROLE OF POLYPLOIDS IN A NEW HABITAT: THE
XEROPHYTIC SCRUB OF REPSA If we consider polyploidy as a potential mechanism for increasing the genetic diversity of colonizers, the high incidence of polyploidy could facilitate the establishment of genetically diverse populations in the newly created environmental conditions after a volcanic eruption in the southern part of the basin of the Valley of Mexico where REPSA is located. The genetic and genomic advantages of polyploidy will be greatest when open habitats are available for colonization and new types of habitats are being created (Morton, 1993) .
The Trans-Mexican Volcanic Belt is a mountain chain in which major geological and climatic events have been occurring continuously since its origin in the mid Miocene and probable uplift through the Pleistocene. Thus, the development of this mountain chain may be considered relatively recent (Ferrusquía-Villafranca, González-Guzmán & Cartron, 2005) . Since its origin, volcanic activity has been a major feature of this mountain chain, and the potentially catastrophic consequences of this activity could result in a wide range of ecological opportunities through the creation of new habitats.
If we consider that Asteraceae are the largest family in the xerophytic scrub of REPSA, we can infer whether polyploids (palaeo-or neopolyploids) have played a role in the origin and assembly of the vegetation structure found there. Polyploidy has been considered to be more frequent in perennial than in annual plants (Stebbins, 1971) . The statistically significant difference in distribution of polyploidy between annual and perennial species of Asteraceae in REPSA is congruent with the views of Stebbins (1971) . A high frequency of polyploids in perennial species can be attributed largely to the ability of perennials, once established, to have several seasons of reproduction, in which genetic recombination can produce new genotypes capable of competing successfully for new habitats (deWet, 1980) . Also, if the origin of a polyploid goes through a sterile stage (sterile diploid or triploid) perennials, unlike annuals, can exist through generations until fertility is restored. The sterile triploid perennial Stevia origanoides Kunth (2n = 3x = 33) is an example of persistence that could not occur if it were an annual. Thus, perennial habit can be an important factor promoting the establishment of polyploids after colonization (Stebbins, 1971) , and most of the examples discussed below are perennial species.
The lava flow from the Xitle volcano promoted the creation of new habitats along an altitudinal gradient of 1000 m, thus allowing contact between plant species from different ecosystems which had the possibility to disperse and colonize these new habitats (Carrillo, 1995) . These first invaders were probably polyploids from surrounding habitats (Morton, 1993) . Although the colonization process after the eruption of the Xitle volcano is unknown, Carrillo (1995) suggested that Pittocaulon praecox was one of the first colonizers of the xerophytic scrub of REPSA. This species is a neopolyploid perennial shrub (2n = 60) with particular characteristics for water storage and growing in rocky sites with poor soils, which probably contributed to its success in the area.
Dispersal ability of potential invaders has been also related to polyploidy (Lumaret et al., 1997; Soltis & Soltis, 1999) . Examples of neopolyploid species that we reported for the first time in the REPSA include Ambrosia confertiflora DC. (2n = 6x = 108) and Erigeron karvinskianus (2n = 4x = 36). Also, some of the first reports were palaeopolyploids such as Ageratina brevipes (DC.) R.M. King & H. Rob. (2n = 2x = 34) , Ageratina cylindrica (2n = 2x = 34), Melampodium longifolium (2n = 2x = 18), and Montanoa grandiflora (DC.) Sch. Bip. ex K. Koch (2n = 2x = 38) (Soto-Trejo et al., 2011) . These species are widely distributed in different habitats in areas surrounding the Distrito Federal, and could be considered as recent invaders. Similarly, CastilloArgüero et al. (2004) noted the recent invasion and establishment of perennial palaeopolyploids such as Buddleja cordata Kunth and B. parviflora Kunth (x = 19, Scrophulariaceae) .
Another feature positively associated with polyploidy is the abundance of single species in a local flora (Hodgson, 1987; Lumaret et al., 1997) . Rzedowski (1954) (Stebbins & Love, 1941; Moore, 1947; Reeder, 1968; Uhl, 1992) .
The ability to survive in small and isolated populations is a further trait characterizing polyploids (Bayer & Stebbins, 1983; Lumaret et al., 1997) . Some perennial neopolyploid species such as Acourtia cordata (Gould & Soderstrom, 1967; Nakagawa, Shumizo & Sato, 1987; Wilen et al., 1995) . These non-indigenous species could be leading threats to native biodiversity and the REPSA ecosystem (Castillo-Argüero et al., 2009) .
Both palaeo-and neopolyploids may have played a pre-eminent role in the development of the xerophytic scrub of REPSA. Neopolyploids can show rapid changes in gene expression levels, which offer potential advantages to colonizers (Soltis et al., 2010 (Soltis et al., , 2012 . The palaeopolyploids could retain genes after duplication events and they could adaptively evolve novel functions, and this might ultimately cause an increase in morphological complexity and biological diversity (Seoighe & Gehring, 2004; Freeling & Thomas, 2006; Jackson & Chen, 2010; Soltis et al., 2010) .
The availability of new habitats due to volcanic activity and the close proximity of several vegetation types on the slopes of the mountain in the Pedregal of San Angel have resulted in the evolution of a biologically diverse and unique xerophytic scrub. Polyploids (both palaeo-and neopolyploids) have played a significant role in the assemblage of this flora, by enhancing the invasion, colonization, establishment, and dominance of different plant species in the area (Hodgson, 1987; Morton, 1993; Lumaret et al., 1997; Soltis & Soltis, 2000) .
There is a basic difference between the assemblage of the flora of the reserve (a 'virtual island') and the flora of oceanic islands such as the Canaries, Hawai'i and the Juan Fernandez. Oceanic islands tend not to reflect the same balance of taxa as their continental source areas (Carlquist, 1974; Whittaker & Fernández-Palacios, 2007) , producing differences between the insular and continental floras. One cause of such contrasting floras is that only good dispersers POLYPLOIDY IN ASTERACEAE OF MEXICO CITY 219 in a source flora colonize and establish on oceanic islands. In contrast, in the reserve, dispersal to the lava is probably not limiting and it is the ability to survive in the new environment that is critical. With regard to Asteraceae the area of the reserve is not in disharmony with that of the surrounding area.
The high frequency of polyploid species of Asteraceae in REPSA suggests that polyploids (palaeo-or neopolyploids) may have contributed to the species diversity and the vegetation structure of the xerophytic scrub of REPSA. More information derived from additional chromosome counts and studies of the evolution of the Mexican flora is needed to determine the frequency of polyploid species and the role of polyploidy in species diversification and their ecological distribution in relation to other biological traits (i.e. pollination mode, dispersal mode, growth form, etc.). 
